In some systems, organisms form or join groups mediated by certain recognition cues. However, it is predicted that variability in such cues cannot be maintained as positive, frequency-dependent selection favors the dominant cue (Crozier's paradox). We utilize a simple analytical model of 2 groups as well as computer simulations to find conditions where the coexistence (polymorphism) of 2 distinct recognition cues is maintained. We assume a species that forms reproductive groups and the adoption of a newborn individual into a group depends on that individual's genotype (recognition cue) in relation to the group's profile. We investigate the role of 2 factors affecting the level of isolation between groups, namely group tolerance toward deviant genotypes and dispersal between groups.
IntroductIon
In many species, interactions between individuals are mediated by some recognition cues that individuals use to identify others as close kin, familiar, or as individuals carrying similar strategies. This allows them to selectively perform cooperative behavior toward similar, or harmful behavior toward dissimilar, individuals. Interactions where such cues play a role include the formation of groups or the adoption of new members into established groups. Indeed group behavior mediated by recognition cues is observed in many species. Zebrafish, Danio rerio, for example, exhibit a learned shoaling preference based on visual signals (pigment pattern- Engeszer et al. 2004) . Other examples include bird song, where singing the "right" dialect may promote male reproductive success, whereas strangers singing "unfamiliar" dialects suffer from reduced mating success (Tomback and Baker 1984; Slabbekoorn and Smith 2002) . As an especially prominent example, cuticular hydrocarbon profiles play an important role in social insects to distinguish between colony and noncolony members (Meunier et al. 2011; Sturgis and Gordon 2012) . Among human, the variety of accents in human languages could possibly be used as a mechanism of assortment among cooperators (Cohen 2012) .
There are several models to explain how an individual may recognize other individuals. The "genetic identity model" (an individual accepts only individuals with identical genetic cues at a recognition locus) and the "allele-sharing model" (a diploid individual accepts others sharing at least one similar allele at the recognition loci) were 2 early attempts trying to explain the mechanisms underlying such recognition (Crozier 1986) . Another way to model recognition is the "phenotype matching model," where an individual recognizes other individuals by comparing its own array of phenotypic attributes (the "template"), such as its scent or cuticular hydrocarbons, with the attribute sets of other individuals Behavioral Ecology to estimate levels of similarity or dissimilarity (Lacy and Sherman 1983) . This mechanism is also called the "armpit effect" (Dawkins 1982) . Hamilton (1964) proposed an alternative mechanism for the evolution of recognition system labeled by Dawkins (1976) the "green beard" effect. In this scenario, a gene expresses a conspicuous phenotype (like a green beard), by which holders of the gene can recognize other bearers of the same gene and target altruistic or cooperative behavior toward them. Note that greater similarity in recognition cues indicates genealogical kinship according to the armpit model, whereas it indicates the presence of a closely linked gene responsible for cooperative or harmful behavior in the green beard model (for a review, see Gardner and West 2010) . Crozier (1986) utilized a single-locus model to investigate the evolutionary dynamics in systems with a recognition mechanism following the genetic identity and allele-sharing model. His results demonstrate that an emergent positive feedback effect always favors the more abundant allele and should typically select against polymorphism in recognition cues. Consequently, a diversity of recognition cues should not be maintained. Ultimately, the single remaining cue would become useless as a recognition marker. This phenomenon is called "Crozier's paradox" (Crozier 1986; Grafen 1990; Rousset and Roze 2007; Gardner and West 2010 ).
Crozier's paradox leads to the question how polymorphism in recognition systems is nonetheless maintained in natural systems. Grafen (1990; also Axelrod et al. 2004) proposed that recognition cues would not go to fixation if the evolution of "cheaters" was possible. Bearers of common recognition cues would suffer greater disadvantages from cheaters than those carrying rare ones, allowing rare alleles to increase in frequency. In addition, rare alleles would be more reliable indicators of close relatedness than common alleles, and individuals sharing rare cues should behave more altruistically toward each other than those sharing common alleles. These mechanisms would both promote persistence of rare alleles. Using a multilocus, pairwise reciprocal interaction model, Rousset and Roze (2007) demonstrated that the polymorphism of recognition cues can be maintained under strong spatial structuring due to low dispersal or low recombination rates. Alternatively, external selective forces may be important factors to maintain a polymorphism in recognition cues, for example, where recognition cues are used in host-parasite interactions and with which hosts can recognize their parasite (Crozier 1986; Gardner and West 2007) .
When recognition cues in a group of individuals are diverse, for example, in colonies of social insects with multiple queens (polygyny), individuals may produce different sets of cues according to their genetic makeup. This should be detrimental for colony cohesion. In social insects, individuals exchange cuticular hydrocarbons through a behavior called allogrooming. Consequently, individuals within a colony gradually share and mix their individual cuticular hydrocarbons to form a single "group profile." This is the basis of the "Gestalt model" proposed by Crozier and Dix (1979) and Vander Meer and Morel (1998) . The cues carried on the surface by an individual may thus phenotypically deviate from its genotype if the members of its group are genetically diverse. It is plausible to assume that in such systems, group members show a level of tolerance toward bearers of deviant phenotypes that enter a colony (e.g., newborns or immigrating sexual individuals) in order not to reject their own offspring or closely related individuals whose phenotype nonetheless differs from the group profile ("rejection error"). Such tolerance might of course result in the adoption of individuals that are not kin ("acceptance error"), and the optimal balance between acceptance error and rejection error is discussed in the context of the "optimum acceptance threshold model" (Reeve 1989; Starks et al. 1998) . Group tolerance determines how readily a group accepts individuals with dissimilar phenotypes and should be an important factor determining genetic diversity of recognition cues.
Dispersal is clearly another factor affecting the maintenance of genetic polymorphism because it leads to the "mixing" of individuals of different kin originating from different groups that possibly carry different cues (Gandon 1999; Gandon and Michalakis 2002; Lenormand 2002; Ronce 2007) . Massive dispersal could thus result in homogenizing genetic variation at larger scale (Gandon 2002) , whereas low dispersal probability and/or low dispersal distance may promote the emergence of spatially structured populations (Berec 2002; Chave et al. 2002; Chaianunporn and Hovestadt 2011) .
In this work, we investigate how polymorphic recognition cues might be maintained in group-forming species. We want to draw attention to a simple mechanism that may possibly contribute to the maintenance of polymorphism in recognition cues within or among groups in a simple 2-group system due to low dispersal and/or tolerance. We then analyze different scenarios in order to test the generality of our results, consider how the evolution of dispersal affects the local and global coexistence of recognition cues, and finally investigate how diverse cues are maintained in multiple group systems. We assume a species forming reproductive groups where group members exchange their cues to form a group profile (see more details below). Adoption of new members into groups is controlled by the similarity between the prospective new member's recognition cue and the group profile and the tolerance of groups toward dissimilar cues. For brevity, we assume that a cue is simply a genetic trait.
Models and sIMulatIons

Population model
We use a simple analytical model to investigate the effect of dispersal and group tolerance on the maintenance of polymorphism in recognition cues within and between groups in a 2-group system. We then utilize individual-based simulations in order to clarify how enlarging the number of groups affects results and how evolution of dispersal influences the maintenance of cue diversity.
Life cycle
We assume a species of perennial and haploid organisms that form stable reproductive groups. All adult group members reproduce once a year and have the same expected reproductive output. After reproduction, a fraction of adults of any group die. Newborns may either try to join their natal group or migrate to a nonnatal group free of dispersal costs and attempt adoption there. All newborn individuals that are adopted by a group according to the mechanism explained below. Once adopted, the individual becomes mature and stays in the group for the rest of its life. Every newborn individual must be adopted in order to survive and successfully reproduce. An individual has only one chance to be adopted; if it fails, it dies without reproducing. Note that the adoption mechanism in our model resembles the "facultative harming" mechanism described by Gardner and West (2010) : The behavior demonstrated against individuals rejected from joining a group is "harmful" inasmuch such individuals are denied to reproduce. As we do not assume a cost of harmful behavior for the actor, model assumption assures that this kind of behavior could always invade a population that does not show this behavior (see Figure 4C in Gardner and West 2010) .
Trait recognition and adoption
"Adoption" into a group is mediated by a recognition cue. We assume that each individual carries a genetic recognition cue (g) that plays a role in the adoption of newborn individuals into a group. For simplicity, we only allow 2 genotypes, namely g x and g y . The "group profile" (g ) of each group is defined by averaging the genotype value of adult group members: It defines the shared phenotype carried by all members of that group. The chance of adoption for a newborn individual (a) is determined by group tolerance (k) and the difference between the group profile (g ) and the newborn's genotype (g i ) according to a nonnormalized Gaussian function:
According to Equation 1, an individual has the highest chance of adoption (a = 1) when its genotype is identical to the group profile (g g − = 0). The decline in the adoption success with growing
is determined by group tolerance (k). The more tolerance (larger k) a group becomes, the slower the adoption probability declines with the difference between the average group profile and the individual's trait. Tolerant groups may, therefore, adopt individuals with genotypes that deviate substantially from the group profile. Group tolerance is a property of groups and is always fixed to one value. Native and nonnative offspring are selected according to the same adoption rule. Note that a group adopting individuals with dissimilar genotypes may change its group profile over time, as the group profile is recalculated in every generation.
Without loss of generality, we assume the value of genotype g x = 1 and g y = 0. The group's mean trait g at time t is thus equal to the proportion of individuals of genotype g x among the adults of that group (x t ). As we have only 2 genotypes, the proportion of individuals with trait g y is always y = 1 − x. It follows that the terms a xi and a yi determine the proportional probability of adoption into group i for individuals carrying genotype g x or g y and are calculated according to Equation 1 
Genotype frequency dynamics
We are interested in how the frequency of recognition cues (x for g x and y = 1 − x for g y ) develops over time and evaluate the genotype dynamics in a simple 2-group system (groups i and j). The proportion x i of genotype g x in group i develops from time step t to t + 1 as follows: 
where m is the dispersal probability defining the proportion of newborn individuals that migrate to the nonnative group. The dispersal probability is equal for all individuals regardless of genotype and natal group. The term 1 − m is the corresponding proportion of newborn individuals that stay in their natal group. The term μ is the annual mortality of adult individuals, that is, 1 − μ reflects the proportion of adult survivors. Adult survival is independent of an individual's genotype or group membership. According to Equation 2, the change in the proportion x i of genotype g x in group i (∆x i ) is thus given by:
and correspondingly for x j in group j. At equilibrium ( ∆x i = 0 ), the zero change isoclines for genotype g x are given by the following set of equations (see Appendix I for full derivation): 
Equilibrium points emerge where the 2 isoclines intersect. From Equations 1a, 1b, 6, and 7, we can identify 3 factors that play a role in the determination of equilibrium points, namely the proportion of genotype g x in each group, which defines the group profile (g ), group tolerance k (k and g both determine a values, see Equation 1), and dispersal probability (m) between groups. Note that the annual mortality μ or the fecundity does not affect the shape of isoclines.
To visualize the results, we generate "vector fields" with arrows indicating the direction and magnitude of change (genotypic trajectories) for different combinations of x i and x j (calculation based on iterations of Equation 2). We analyze the behavior of the system for different values of group tolerance (k ∈ [ . , . ] 0 2 1 6 ) and dispersal probability (m ∈ [ . , . ] 0 01 0 25 ).
Individual-based simulations
We implement the system described above also in an individualbased simulation model to gather insight about additional factors likely to influence the system (for detailed description of simulation model, see Appendix II). Using this simulation model, we 1) validate the conclusion drawn from the analytical model, 2) explore how the maintenance of polymorphisms in recognition loci interacts with the evolution of dispersal as the simulations allow us to implement dispersal probability as an evolvable trait, and 3) expand the model to a multiple group version to investigate the likelihood of coexistence of recognition cues in systems of larger spatial dimension. As the system generally reaches equilibrium before 200 generations, we carry out 1000 generations for each scenario and report the results at time step 1000. In scenarios allowing the evolution of dispersal, we assume that the dispersal probability of a newborn may mutate with probability 0.001 to a random value drawn from a uniform distribution with range 0-1. We run simulations with different initial proportions x of genotype g x in each of 2 groups (
[ , ] 0 1 0 1 ) and report the proportion x in each group and the evolving dispersal probability at the end of simulations.
For scenarios with multiple groups, we either assume that dispersing individuals immigrate into a randomly selected group ("global dispersal") or we assume dispersal between adjacent groups only ("nearest-neighbor dispersal") in a linear "stepping stone arrangement" of 10 groups (the last group is a neighbor of the first group). Simulations are initialized with x = 0.5 in all groups. The distribution of the global mean genotype at the end of simulations is reported and compared with the distribution in simulations for the 2-group system. Note that we did not allow for the evolution of dispersal in the multiple group simulations.
results
Analytical model
There are 2 types of equilibrium points, stable and unstable, represented by closed and open black circles in Figure 1 . From an inspection of Equations 6 and 7, it can be directly deduced that there are 2 trivial stable equilibriums with global fixation of either recognition cue (x i = x j = 0 or x i = x j = 1) under all conditions, which correspond with the prediction of Crozier's paradox. The 2-group model suggests, however, that stable coexistence of the 2 cues (polymorphism) is possible for a range of values for group tolerance (k) and dispersal probability (m). In Figure 1 , we vary group tolerance and keep dispersal probability fixed at m = 0.1. Depending on the parameter values, up to 9 equilibrium points (intersections of the isoclines) emerge, but never more than 4 stable ones. More specifically, at low tolerance, 2 additional stable equilibrium points emerge with nearly complete dominance of each genotype (at (x i ≃ 1, x j ≃ 0) and (x i ≃ 0, x j ≃ 1)) in one of the local populations (global coexistence; Figure 1A ). In order to reach these equilibrium points, the initial proportion of g x must be high (>0.5) in one group and low (<0.5) in the other. As group tolerance k becomes larger, these equilibrium points with global coexistence move increasingly inward from (x i ≃ 1, x j ≃ 0) and (x i ≃ 0, x j ≃ 1) allowing for local coexistence of both genotypes at noticeable quantities ( Figure 1B-D) . However, by increasing k further, these equilibrium points finally vanish ( Figure 1E,F) . At high tolerance, the system has thus only the 2 equilibrium points of global fixation; whether g x or g y will prevail depends on the starting conditions.
The effect of dispersal probability m on coexistence is fundamentally similar to that of tolerance (Figure 2) . With low dispersal, we see the emergence of 4 stable equilibrium points (global or local coexistence; Figure 2A -C). The two with noticeable local coexistence eventually vanish as dispersal probability becomes too large ( Figure 2D-F) .
Simulations
Our simulations fundamentally confirm the results of the analytical model. As soon as dispersal is allowed to evolve, the simulation results indicate that local coexistence would become an unlikely outcome ( Figure 3A) . Lower dispersal probabilities are selected for as soon as spatial heterogeneity in group structure emerges due to the dominance of different genotypes in different groups ( Figure 3B ). Therefore, unless the system reaches one of the globally monomorphic states, it will change from one state, for instance resembling Figure 2C , to one similar to Figure 2A . In Figure 3B , we show the evolving dispersal probabilities depending on starting conditions: whenever the system settles into coexistence, low dispersal evolves in parallel. In contrast, high dispersal probabilities evolve if the population reaches global fixation of a single genotype.
The maintenance of 2 recognition genotypes becomes more likely by enlarging the system from 2 to 10 groups with nearestneighbor dispersal (Figure 4 ). With k = 1.6 and m = 0.1, global fixation is the only possible outcome in the 2-group system ( Figures 1F  and 4 A) . In the 10-group system with global dispersal, results are quite similar to those from the 2-group system and global fixation occurs in almost all simulations ( Figure 4B ). In contrast, global fixation occurs in only approximately 12% of simulations with nearestneighbor dispersal ( Figure 4C ). Here, discrete clusters of different genotypes may quickly form even from homogeneous starting conditions (x = 0.5 for all groups).
dIscussIon
Theory has predicted that stable coexistence of cues used for kin recognition should not be possible. Positive, frequency-dependent selection should ultimately lead to the loss of cue diversity resulting in the global dominance of a single cue (Crozier 1986 ) except that some extreme conditions occur (Rousset and Roze 2007) . The results presented here suggest that this conclusion only holds if we do ignore the emergence of spatial structure and only consider well-mixed single populations. In this study, we show how the joined effects of limited dispersal between separate groups and selective adoption into a group controlled by group tolerance may lead to the emergence of spatial structure in the distribution of recognition cues and thus to the maintenance of a stable polymorphism. There are 2 critical prerequisites for stable coexistence to establish in our model system-1) the choice of the right starting conditions: a recognition cue needs to be initially abundant somewhere to persist and 2) parameter values must promote the emergence of spatial structure, namely group tolerance (k) and/ or between-group dispersal (m) must be low. Meeting those conditions allows the emergence of distinct genetic spatial heterogeneity with dominance of different genotypes in different groups. Once spatial heterogeneity has established, it should be quite stable because deviant genotypes cannot easily infiltrate nearly homogeneous groups due to the inherent fitness disadvantage of the rare genotype (cf. Crozier 1986) . A comparable phenomenon has been demonstrated in other biological systems where, for instance, the global coexistence of multiple host-mutualist pairings is driven by local positive, frequency-dependent selection (Chaianunporn and Hovestadt 2012a) .
Interestingly, with moderate levels of group tolerance and dispersal, we also observe local coexistence of genotypes at noticeable levels, where the proportions of the 2 genotypes in different groups are "mirrored," that is, each genotype is dominant in one group and rare in the other. In this case, the continued existence of the relatively rare genotype is maintained due to a "source-sink" dynamics (Pulliam 1988; Hanski and Gaggiotti 2004) driven by immigration from the other group where that genotype is abundant. Yet, if tolerance or dispersal becomes too large, our analytical model predicts global fixation of one genotype. With large group tolerance, the difference in local adoption probability between abundant and rare genotypes becomes so small that the dynamics of the system depends much more on the global abundance of genotypes. This will ultimately lead to the fixation of the globally more abundant genotype. Equally, high dispersal leads to high exchange rate between 2 groups and thus promotes homogenization in the system. This congruence of effects by group tolerance and dispersal is not surprising as both parameters affect the net exchange of individuals between groups. If dispersal probability is high, many individuals move to nonnatal patches and participate in the "adoption lottery." If group tolerance is high, immigrants have good chances of being adopted, even if they carry the rarer of the genotypes in that group. At low dispersal or low tolerance, groups mostly recruit offspring born in the same group that are likely to carry the majority genotype, which in turn carries a fitness benefit. Consequently, the proportion of the locally abundant genotype continuously increases through positive feedback.
In our simulations, we allow dispersal to evolve. Results show that the establishment of local coexistence and the maintenance of a moderate dispersal probability comprise an unlikely combination. As is the case with global or local coexistence, if the distribution of genotypes shows spatial structure, selection will increasingly favor the evolution of low dispersal rates due to the stable spatial heterogeneity in fitness outcomes. The fitness of an individual attempting to be adopted into its natal group is typically higher than for those attempting adoption into dissimilar nonnative groups. It has been known for a long time that spatial heterogeneity of this kind selects against dispersal (Comins et al. 1980; Hastings 1983; Travis 2001; Poethke et al. 2003 Poethke et al. , 2011 Chaianunporn and Hovestadt 2012b) and it will ultimately end the local coexistence of different genotypes. At the same time, however, spatial heterogeneity also stabilizes global coexistence because the takeover of a monomorphic group by another genotype becomes less likely.
When we considered more than 2 groups, our simulation experiments indicate that coexistence becomes a much more likely outcome in a multiple group system with limited dispersal. In this case, global convergence to one type becomes very unlikely and we observe the formation of clusters of a same genotype instead, which is due to limited dispersal (cf. Berec 2002; Chave et al. 2002; Chaianunporn and Hovestadt 2011) . Such clusters become highly resistant to invasion even if a locally dominant genotype is globally quite rare. In contrast to the simulations with nearest-neighbor dispersal, those with global dispersal between groups resulted in the global fixation of one genotype in almost equal proportions as we found for the 2-group system. We thus confirm the coexistence of recognition genotypes arises due to spatial structure and not simply due to the number of groups.
We want to point out that we do not assume any explicit dispersal cost in our models. As a consequence, we observe the evolution of very high dispersal probabilities as soon as a genotype approaches global fixation due to the action of kin competition ( Figure 3B ; Hamilton and May 1977; Comins et al. 1980 ) that emerges in individual-based models by default (see Poethke et al. 2007 ). In real-world systems, however, dispersal is usually associated with a variety of costs (reviewed in Bonte et al. 2011 ) suggesting that dispersal probabilities should typically stay lower. Landscapes that impose costs of dispersal between groups, whether through habitat fragmentation or other factors, should generally promote the coexistence of different recognition cues.
In contrast to the prediction of Crozier's paradox, we demonstrate that in spatially structured systems, there are two, not just one, possible outcomes of selection on recognition cues: global coexistence Direction of change of the proportion of genotype g x and evolving dispersal probability from 2-group simulations with dispersal evolution. Group tolerance is fixed at k = 0.6: (A) Change in the proportion of genotype g x in groups i and j (x i and x j , respectively) depending on starting conditions: x i and x j at time t = 0 are marked by open circles, and black dots indicate x i and x j at the end of simulations (1000 time steps). Lines indicate direction of change. (B) Evolved dispersal probabilities at end of simulations plotted over starting conditions. Shading indicates the evolved dispersal probabilities m: the darker the color, the lower the dispersal probability (m ranges from 0.0018 to 0.6075).
and global fixation. It will depend on circumstances whether we will also observe the maintenance of noticeable levels of local coexistence driven by source-sink dynamics. This result agrees with findings of Rousset and Roze (2007) who demonstrated that spatial structure is important for the maintenance of polymorphic recognition cues, although their model, a pairwise multilocus model, is different from our groupwise adoption model. The result also supports the finding that spatial structure is an important mechanism affecting the evolution of cooperation (reviewed in Nowak 2012). Here, it can promote emergence and evolution of cooperation, because by forming clusters, cooperators can prevail against exploitation by cheaters. Similarly, the tag-based altruism model of Axelrod et al. (2004) demonstrates that spatial structure plays an important role in promoting altruism due to population viscosity. The conclusion from our study that the recognition cue genes do not always go fixation may provide an explanation for the variety of aggressive responses observed for instance in ants. Within species, aggression can range from attacking all nongroup members (Hölldobler and Wilson 1990) to no aggression against individuals from other groups even if they come from distant locations, as is the case with the supercolonies of the Argentine ant Linepithema humile (Giraud et al. 2002; van Wilgenburg et al. 2010) . Aggressiveness against all nongroup individuals could correspond to the case of global coexistence in our model, where a diversity of recognition cues is maintained and groups can thus discriminate against strangers. The latter extreme, no aggression at all, may be similar to a case of global fixation where the diversity of recognition cues is lost (see more details in Starks 2003) . In other cases, local coexistence of different genotypes in one group might be possible as is the case in species where colonies adopt immigrants of different genotypes (e.g., Sundström 1997; Heinze and Keller 2000; Souza et al. 2005; Holzer et al. 2008) .
Our model clearly does not, and is not, intended to explain how recognition-based behavior and diversity in recognition cues might emerge in the first place. A genotype that is rare everywhere could clearly not invade a system like our model system. In spatially structured systems, however, there is clearly more potential for changes to occur simply by random drift, through local disturbances that abruptly modify genotype frequencies or through local selection generated by other mechanisms. For example, recognition cues may also serve as a signal for local adaptation in migrating species, thus helping to avoid the problem of migration load in mate selection (see Garcia-Ramos and Kirkpatrick 1997; Bolnick and Nosil 2007) or play a role in protection against parasites (e.g., Crozier 1986; Brandt et al. 2005; Martin et al. 2011 ). We thank K. Schoenrogge, A. Gardner, and an anonymous reviewer for valuable comments on this manuscript.
appendIx I
The calculation of zero isoclines in the system From Equation 5 follows that the zero isocline of group i lies where
By simple rearrangement and noting that y i = 1 − x i , we can rewrite the equation as follows:
We replace ′ x i and ′ y i by Equations 3 and 4:
x ma y m a y y y y ma x ma x x x
,
where a xi and a yi are defined as in Equations 5 and 6. We rearrange terms as follows: Comparison of the global proportion of g x (x) between scenarios with 2 groups and those with 10 groups. In all simulations, group tolerance k and dispersal probability m are fixed at k = 1.6, m = 0.1. Bar plot shows the distribution of x at time step 1000: (A) scenario with 2 groups, (B) scenario with 10 groups and global dispersal (GD), (C) scenario with 10 groups and nearest-neighbor dispersal (NN). All local populations were initialized with x i = 0.5, that is, at the unstable equilibrium point. Note that with these parameters, the analytical model predicts global fixation (cf. Figure 1F ) of either genotype as happens in the 2-group simulations (A). 
In the same way, the zero isocline of the group j is given by: 
appendIx II
Individual-based simulations
In the individual-based simulations, we assume that an individual carries 2 traits, namely a recognition cue with 2 genotypes (g x and g y ) and a dispersal trait (m; see below). Tolerance (k), however, is a fixed character of the species, and it is similar for all individuals and groups. For simplicity, we further assume that the species is a haploid and perennial organism, reproducing asexually. The life cycle of an individual is visualized in Figure A1 . The description of the simulation cycle is as follows:
I. Initialization: At first, we initialize every simulation with K individuals in each group where K is the equilibrium group size. In order to avoid effects of demographic stochasticity, we assume large groups (K = 5000). At the beginning, each group contains Kx i,0 individuals of genotype (cue) g x and K(1 − x i,0 ) of genotype g y where x i,0 is the initial proportion of trait g x in group i. For each individual, the trait coding for dispersal probability is drawn from a uniform distribution between 0 and 1. II. Estimation of "group profile": At the beginning of each time step, group profiles ( g ) are calculated based on the recognition types of all adults in that group. Group profile simply corresponds to the fraction of individuals carrying marker g x because we assume, without loss of generality, g x = 1 and g y = 0. III. Reproduction: All adult individuals produce a Poisson distributed number of surviving offspring with mean fecundity λ i,t for group i at time t. λ i,t is density dependent and similar for all individuals in a group and calculated according to the Ricker equation (Ricker 1954) :
where μ is the annual mortality of adult individuals, µe h is the maximum growth rate (λ 0 ), and N i,t is the number of adult individuals in group i at time t. With the inclusion of annual adult mortality in Equation A8, we make sure that on average the number of newly produced offspring corresponds to the number of dying adults in each year. We assume μ = 0.3 and e h ≈ 7.39 for all simulations. Any offspring produced inherits its recognition cue and dispersal trait from its parent. In scenarios allowing the evolution of dispersal, the dispersal trait of a newborn may mutate with probability 0.001 to a random value drawn from a uniform distribution with range 0-1. IV. Adult mortality: After reproduction, adult individuals die with probability μ. Note that by computing the group profile before death, we assume that dying adults still influence the profile of their group. This might be appropriate if death occurs shortly before the adoption phase, if the recognition cue of the individuals persist for sometime (as odors generated by the working daughters of a now deceased ant queen), or if recognition cue preference of offspring is "imprinted" early in life. V. Dispersal: Newborn individuals disperse or stay in their natal patch. For each individual, this decision is determined by the inherited dispersal trait (m) that assigns the individual's probability to migrate to another group. The dispersal process of newborns is as described in Models and simulations. VI. Adoption: A newborn individual, independent of whether it dispersed or not, is adopted by a group with the probability a estimated according to Equation 1a or 1b. If the newborn is rejected once, it dies. After the adoption process, newly adopted individuals turn into adults, t is increased to t + 1, and the simulation cycle is repeated. In our simulations, we iterate the cycle over 1000 time steps. 
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